We developed a demographic model to perform a population viability analysis (PVA) of the Blue-throated Macaw (Ara glaucogularis), a critically endangered species endemic to Bolivia. PVA simulations were run using individualbased (VORTEX 9.72) and cohort-based (RAMAS GIS 4.0) programs. A baseline simulation allowed for the assessment of the status of the species based on estimates of extinction risk and population declines under current conditions of abundance and habitat availability. The role of multiple demographic, environmental, and anthropogenic parameters was evaluated to assess changes affecting population declines and extinction risk. The baseline simulation showed that the Blue-throated Macaw has a relatively low probability of extinction during the next fifty years. However, continuing threats, including declines in abundance, small population size, and low population growth rates, make this species highly vulnerable to any change. Elasticity analysis of the baseline simulation and sensitivity analysis of changes in different demographic parameters demonstrated that increases in adult mortality had the greatest effect on population growth rate and extinction risk. Furthermore, simulations of anthropogenic impacts showed that small increases in habitat loss (2%) and population harvesting (3%) had drastic effects on population decline. Results from this study emphasize the need for conservation actions aimed at protecting breeding individuals (i.e., decreasing adult mortality), preventing poaching activities, and promoting the conservation of available habitat for nesting sites.
INTRODUCTION
Discussions about biodiversity are frequently based on species extinction due to the detrimental effects of habitat loss, fragmentation, and many other ecological and anthropogenic factors [1] [2] [3] . As populations become small and isolated, genetic, demographic, and environmental stochasticities increase the probability of extinction, making populations more vulnerable [4] [5] [6] . On the other hand, large populations are more likely to be resilient to stochastic changes given that random events among individuals are less prominent within larger groups [2] . In an effort to characterize a quantifiable measure of extinction risk, conservation scientists have defined the concept of minimum viable population (MVP), which estimates the minimum number of individuals in a population that has a given probability of surviving for a specified period of time [7] . The MVP is difficult to be determined in practice [8] , and the applicability of the concept for conservation management has been questioned [9] [10] [11] [12] . However, the emergence of this concept highlighted the need for a quantitative analysis of the risk of population extinction.
During the last decades, Population Viability Analysis (PVA) has been one of the most commonly used techniques *Address correspondence to this author at the Department of Biological Sciences Bowling Green State University Bowling Green, OH 43402; Tel: 419 372-9240; Fax: 419 372-2024; E-mail: jbouzat@bgsu.edu to determine extinction risks and population declines [13, 14] . PVA is a process that allows for the estimation of extinction probabilities by incorporating identifiable threats to population survival into stochastic models of the extinction process [15, 16] . This is a useful tool to assess population declines under different scenarios subject to genetic, demographic, and environmental stochasticities [17, 18] . PVA can also be used to predict the future size of a population, estimate the probability of a population going extinct over a given period of time, and assess management or conservation strategies aimed at maximizing the probability of population persistence. In addition, PVA facilitates the evaluation of different model assumptions on the dynamics of small populations [14, 19] .
Uncertainties concerning the predictive reliability of PVA have led to questioning the validity of conclusions drawn from some PVA [20] . However, PVA has proven useful when there is significant information about the species' vital rates [14, 21] . In addition, PVA may be useful to assess levels of threat when species with limited data are analyzed cautiously, taking into consideration model assumptions [22] [23] [24] . As many conservation actions and management options are currently based on PVA results, PVA predictions should be quantitatively reliable, whether the proposed actions are sufficient or not in order to achieve species recovery [15, 20] .
There are several computer programs developed for population viability analysis, each modeling important as-pects of population dynamics in different ways. Among the most commonly applied PVA packages are VORTEX (Vortex: A Stochastic Simulation of the Extinction Process [25] ) and GAPPS (Generalized Animal Population Projection Process [26] ). These programs use individual-based models, tracking the fate of each individual independently by stepping through a series of events that describe the typical life cycle of sexually reproducing organisms [27] . Alternatively, ALEX (Analysis of the Likelihood of Extinction [28] ), IN-MAT (INbreeding MATrix [29] ), and RAMAS GIS (Risk Assessment and Management Alternatives System [30] ) are cohort-based programs [15] that use projection matrices to track the fate of the metapopulation as a whole [31, 32] . Although all PVA packages are suitable for general applications, each was designed with fairly different purposes in mind, as reflected in their present structure, assumptions, and limitations [18, 25, 33] .
The selection of the most appropriate program for PVA should be based on a range of criteria including the key questions and objectives of the specific study and the strengths, limitations, and assumptions of the programs. Attributes such as life history and available data for the target species play an important role in determining which program should be used [33] . In this study, we selected two of the most widely used programs for PVA analysis, VOR-TEX version 9.72 [25] and RAMAS GIS version 4.0 [30] , to assess the programs' projections through individual-based versus cohort-based PVA models.
VORTEX models the effects of demographic rates, environmental variation, catastrophes, and other stochastic events, as well as anthropogenic impacts such as habitat loss and harvesting. This program allows for testing the effects of different management options on the viability of wildlife populations using a metapopulation framework, based on the typical life cycle of sexually reproducing, diploid species. VORTEX also facilitates the analyses of density-dependent reproduction and changes in habitat availability, and most demographic rates can be optionally specified as flexible functions of density, time, population gene diversity, inbreeding, age, and sex. VORTEX projects changes in population size, age, sex structure, and genetic variation, while estimating the probabilities and time to extinction and recolonization [34, 35] . Alternatively, RAMAS GIS consists of a suite of programs that combine spatial information of the landscape with ecological parameters of the species in a metapopulation framework. This program is commonly used to build stage-structured matrices and run simulations to predict the risk of population extinction, time to extinction, expected population abundance, and spatial distribution [30] .
In this study, we developed a demographic model for the population dynamics of the Blue-throated Macaw (Ara glaucogularis) to perform a population viability analysis and assess the status of the species based on estimates of extinction risk and population declines under current conditions of abundance and habitat availability over the next 50 years. Furthermore, we evaluated the role of multiple demographic, environmental, and anthropogenic parameters affecting population declines and compared the outcomes of individual-based versus cohort-based PVA models. The Bluethroated Macaw, a species endemic to the Beni savannas in Bolivia, is considered one of the most threatened bird species in the world [36] [37] [38] . The species is currently categorized as Critically Endangered under the criteria A2bcde of the International Union for the Conservation of Nature Red List [39] . During the last few years, surveys by the local nongovernmental organization Armonía/Loro Parque Fundación documented the presence of nearly 200 Blue-throated Macaws in the wild [40] , though abundance estimates from 1994 reported only 54 birds [41, 42] . However, a recent survey uncovered a new population near Santa Ana de Yacuma, bringing abundance estimates close to 500 birds (Mauricio Herrera, Fundación Armonía, personal communication). Like many other bird species, the Blue-throated Macaw is believed to be threatened by decreased habitat availability, lack of nesting sites, interspecific competition with the Blueand-yellow Macaw (Ara ararauna), and illegal poaching activities [36] [37] [38] [43] [44] [45] [46] . However, to date there has been no quantitative assessment of the environmental and demographic factors affecting the species' persistence. The demographic model and PVA presented here allowed us to address the following research questions: Results from this study illustrate the value of PVA simulations to identify critical demographic and environmental parameters that are essential for the successful development of conservation actions for the long-term persistence of this species.
MATERIALS AND METHODS

Studied Population and Input Data
The Blue-throated Macaw inhabits the Llanos de Moxos area in Bolivia [44, 46, 47] throughout a geographic range of 2508 km² [42] (Fig. 1) . The habitat consists of isolated forests dominated by Attalea phalerata palm trees distributed across tropical savannas commonly flooded between October and April [48, 49] . In this region, the Blue-throated Macaw is distributed in two potentially isolated populations with an estimated 160 adult birds in the Northwest population and 25 individuals in the South population ( Fig. 1) [42, 47, 50, 51] . Although recent surveys uncovered new nesting sites around Santa Ana de Yacuma (M. Herrera, Fundación Armonía, personal communication), which will likely increase abundance estimates of the Northwest population, we performed our PVA simulations using published data.
The input data used for the PVA is specified in Table 1 (complete input files are provided as Supplementary Materials). The species has a monogamous mating system [52, 53] reaching sexual maturity at the average age of five years old [54, 55] . The clutch size in captivity varies from 2 to 4 eggs, with 2 and 3 occurring most commonly. Data on sex ratio in the wild does not exist; nevertheless, the sex ratio in a captive population of 59 adult birds at Loro Parque Fundación (Tenerife, Canary Islands) approximates to 1:1 (males/females) [54] .
The proportion of Blue-throated Macaw actually reproducing in the wild was calculated by Kyle [56] by dividing the number of pairs reproducing by the total number of adult individuals, giving a percentage of 36.7%. Currently, there is no data on the mean number of Blue-throated Macaw offspring in the wild, but there are some studies reporting reproductive success in the field for other macaw species. For example, Harper and Guedes [57] reported 1.64 fledglings per nest for the Hyacinth Macaw (Anodorhynchus hyacinthinus), Guedes [58] reported 0.77 chicks fledged per pair of Green-winged Macaw (Ara chloroptera), and Bianchi [59] reported a reproductive success of 0.70 chicks for the Blueand-yellow Macaw (Ara ararauna). In our simulations we used an average of 1.4 fledglings per nest. Regarding mortality rates, Kyle [50] reported 57% for chicks of the Bluethroated Macaw. Although no estimates of adult mortality This study
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Note: Most values used in the model were based on field studies from the Blue-throated Macaw or other species from the same family with similar natural history. Sex ratio, minimum breeding age, and maximum number of offspring were based on information from a captive population.
were previously reported for the Blue-throated Macaw, simulations included estimates by Vaughan et al. [60] from the closely related Scarlet Macaw (Ara macao), with a 5% average adult mortality.
The major reason for the decline of the Blue-throated Macaw in the wild is assumed to be related to poaching associated with the trade of live specimens for the exotic pet trade [43] . In addition, habitat loss [50] has likely played a major role in decreasing the availability of nesting sites since the annual deforestation rate in the Beni Department has been estimated around 0.20% [61] .
Demographic Model
To perform the PVA we defined a demographic model with three age-classes based on age specific mortality and fecundity data obtained from previous studies [50, 56] (see Fig. 2 ). In cases where there was lack of information, we used available data from other species with similar life histories such as the Blue-and-yellow Macaw (Ara ararauna), the Scarlet Macaw (Ara macao), and the Hyacinth Macaw (Anodorhynchus hyacinthinus) from the Pssitacidae family. Age classes in the model included (1) 0-2, from hatching to 2 years, with relatively high mortality rates of 60% for year 1 and 30% for year 2; (2) 2-5 years, representing juveniles with a 15% mortality rate; and (3) 5-40 years, representing adults with a mortality rate of 5% (Fig. 2) .
Model Assumptions
Given that the first record of the species in the wild was documented in 1992 [47] and only a few studies are available for the Blue-throated Macaw, several assumptions have been made to build the demographic model. The model assumed two independent populations without dispersal and a 1:1 sex ratio; these assumptions were based on the current distribution of the species (Fig. 1 ) and the observed sex ratio for the largest captive population of the Blue-throated Macaw at Loro Parque Fundación [54] . Based on historical data on the abundance of the species during the 1990's [42] , we assumed that the carrying capacity for the species was 500 individuals (400 for the Northwest population and 100 for the South population). Since there is no data on environmental variation, we set up 10% of variation in carrying capacity, fecundity, and mortality rates. This value seems appropriate given the seasonal variation in rainfall patterns from year to year. In captivity there are reports of individuals from various macaw species living around 60 years [62] ; therefore, we used 40 years as the maximum breeding age in the wild. Although studies on other species focused on the reproductive success of individuals, no data has been reported for the Blue-throated Macaw. We used 1.4% hatching success to account for the higher mortality rates reported for hatching individuals [50] . Given that we only have data on mortality rates for chicks (60% for 0-1 year old individuals) [50] and adults (5%) [59] , we used conservative values of 30% mortality for 1-2 year old chicks and 15% mortality for juveniles (2-5 years old). Finally, we assumed that there were no catastrophes affecting the populations.
PVA Simulations
PVA simulations were performed using VORTEX, version 9.72 [25] , and RAMAS GIS, version 4.0 [30] . VOR-TEX uses mortality rates and calculates fertility based on the number of females and males in the breeding pool and the mean number of progeny per year. On the other hand, RAMAS GIS uses survival rates, and we calculated the fe- cundity by multiplying hatching success by the proportion of individuals that breed. Environmental variation in fecundity is also calculated in different ways by each program. Whereas RAMAS GIS models variability as the standard deviation of the fecundity parameters, VORTEX models variability in the percentage of breeding; this means that the environmental variation in reproduction is incorporated as a standard deviation of the percent of females producing offspring. Since VORTEX and RAMAS GIS are structured in different ways, we tried to organize the data in a way to standardize demographic parameters in the baseline simulation as well as a series of alternative scenarios. The simulations in RAMAS GIS were run using both a sex structure including all individuals (i.e., males and females) and a sex structure using only females. This was done with the purpose of determining if the sex structure could have any effect on the projections obtained by VORTEX and RAMAS GIS. Given the differences in the structure and capabilities of the programs, an elasticity analysis of the baseline was performed with RAMAS GIS, whereas anthropogenic impacts such as habitat loss and harvesting were modeled only using VORTEX. The elasticity analysis allowed us to assess which age-class of the model had the greatest contribution or impact to the eigenvalue (λ) compared with the other ageclasses in the baseline. Sensitivity tests were performed to measure the impact of specific parameters on population decline. In all simulations, we used the baseline as a template changing the value of the specific parameter of interest (e.g., mortality, fecundity, and environmental variation) for each alternative simulation. Based on the apparent distribution of the populations, PVA models were run as two independent populations with no migration and as part of a metapopulation. Most simulations were run over a 50-year period, using 5000 replications to estimate decline and extinction probabilities, median time to extinction, and estimates of population growth rates. The following simulation scenarios were performed:
Baseline Simulation
This simulation was based on current demographic data estimated for the species ( Table 1) . Complete input files for VORTEX and RAMAS GIS are provided as Supplementary Materials. For the programs' outcome comparisons we ran the baseline simulation for 25, 50, and 100 years, each with 1000, 5000, and 10000 replications. Different time periods were run to evaluate how much the year to year variation could affect predictions on extinction probabilities. Different numbers of iterations were used to assess effects of parameter estimates on measures of variation, including standard errors and confidence intervals.
Demographic Simulations
Models of extinction consider both deterministic and stochastic factors [3, 63] . Deterministic factors can affect essential demographic parameters such as mortality and fecundity rates. Once the population becomes small and isolated, its dynamics and fate can become dominated by a number of random or stochastic processes [4, 64] . Therefore, a series of simulations were based on changes of multiple values of mortality rates and fecundity for each age-class. To assess the effect of changes in age specific mortality on the risk of population decline, we performed simulations in which mortality rates were increased 10% in each specified age-class (i.e., from 60 to 66% and 30 to 33% in chicks, 15 to 16.5% in juveniles, and 5 to 5.5% in adults). In addition, we performed simulations with an increase of 10% as an absolute value for each mortality rate (i.e., from 60 to 70% and 30 to 40% in chicks, 15 to 25% in juveniles, and 5 to 15% in adults). Similarly, we decreased by 10% fecundity rates, initial abundance, and carrying capacity to evaluate how much changes in these parameters affected population growth rates and declines. To assess potential changes in environmental variation, we performed simulations with both 10 and 20% of environmental variation in mortality rates, fecundity rates, and carrying capacity.
Anthropogenic Simulations
Increasing cattle farming in the Llanos de Moxos has led to widespread burning of the savannas to improve grazing conditions for cattle [65] . Agriculture is not perceived as a major threat to the habitat due to the limited areas devoted to cultivars. However, the conversion from savannas to rice fields and many other types of cultivars has increased considerably since 2001, particularly in the Trinidad and Magdalena regions [66] . The deforestation caused by unplanned colonization, annual burning of savannas for agricultural use, and the overexploitation of natural resources are all increasing the rates of habitat loss [67] . A recent estimate of the annual deforestation rate for the Beni Department reported 0.20% [61] . To assess the effects of habitat loss, we performed a series of simulations modeling deforestation as a decrease in carrying capacity (K) over time. These simulations included 0.5, 1, 2, and 5% decreases in carrying capacity each year.
In addition, poaching (modeled as harvesting) has been and still is considered one of the most serious threats to many parrot species, which are particularly vulnerable to overexploitation [67, 68] . Wright et al. [69] suggested that the average nest poaching rate in neotropical parrots is 30%, while Gonzales [70] documented harvesting quotas of 61.1%
for the Orange-winged Parrot (Amazona amazonica) and 25.9% for the Blue-and-yellow Macaw (Ara ararauna) in the northeastern Peruvian Amazon areas with major harvesting pressure. Since one of the major reasons for the decline of the Blue-throated Macaw is assumed to be illegal trade [43] , we simulated the harvesting of individuals from one and two years old over a consecutive period of 10 years to assess the potential effects of poaching on population declines. Probabilities of extinction were assessed under different harvesting quotas including 1, 2, 3, and 5% during 50 and 100 years, respectively.
Data Analyses
We modeled the baseline simulation as well as the alternative simulation scenarios assuming that conditions for each simulation were going to persist during a 50-year period. Kolmogorov-Smirnov statistic D tests (K-S test), with a Bonferroni correction on the probability threshold for the number of comparisons [71] , were used for pairwise comparison of extinction probabilities or risk of decline between simulations.
To assess potential differences on simulation outcomes, we compared three specific results including differences in the probability of extinction or risk of decline, median time to extinction, and population growth rate (Lambda) between VORTEX and two sets of simulations with RAMAS GIS. One of the RAMAS GIS simulations used a sex structure including all individuals (i.e., males and females) while a second simulation set was performed using females only. Although the programs are structured differently, the input data was standardized as much as possible to perform a qualitative comparison of results.
RESULTS
PVA Simulations
Baseline Simulation
The baseline using VORTEX resulted in a probability of extinction of 0.005 for the metapopulation over the next 50 years with a growth rate () of 0.988 ( Table 2) . RAMAS GIS using all individuals reported a probability of extinction of 0.001 with a slightly positive growth rate () of 1.031, while the modeling based only on females revealed the highest probability of extinction (0.238) and a lower growth rate (=0.977), the latter being more similar to that obtained with VORTEX.
Considering each population separately, the South population, with a lower population size, had a consistently higher probability of extinction than the Northwest population for all simulations (see Supplementary Materials Table  S1 ). The elasticity analysis for the RAMAS GIS simulations showed that, compared to other age-classes, the changes in survival for the 5-40 years old age-class had the greatest effect on the dominant eigenvalue of the model, explaining 85% of the variation in survival (see Supplementary Materials Table S2 ).
Running simulations with different number of replications (1000-10000 iterations) and considering different time periods (25-100 years) showed in all but one case no significant differences in the estimated parameters (K-S tests P>0.010 for all comparisons except RAMAS GIS simulations with 5000 and 10000 iterations) (Supplementary Materials Table S3 ). As expected, measures of variation such as standard error in VORTEX and confidence intervals in RAMAS GIS decreased when the number of iterations increased. Simulations ran for different time periods did not alter predictions on population growth rates, but they did have an effect on estimated probabilities of extinction, as expected.
Demographic Simulations
A summary of each demographic simulation highlighting the parameters that had greater effects on the population declines and that were significantly different from the baseline simulation is presented on Table 2 . When we increased mortality rates by 10%, VORTEX simulations showed that mortality of chicks had the greatest effect on population decline than mortality of juveniles and adults, decreasing the growth rate from 0.988 in the baseline simulation to 0.978 and increasing the probability of extinction from 0.005 to 0.011 (K-S test D=0.3800, P=0.001). Simulations with increased juvenile and adult mortality rates revealed probabilities of extinction and population growth rate estimates that were not significantly different from the baseline ( Table 2) . These results were consistent with the ones obtained with RAMAS GIS using a sex structure with all individuals (λ=1.020; PE=0.003; K-S test D=0.181, P=0.000) as well as using a sex structure with only females (λ=0.973; PE=0.303; K-S test D=0.066, P=0.000). When mortality rates were increased by an absolute value of 10%, the risk of decline for the three age-classes was significantly different than that estimated for the baseline population ( Table 2) , though a comparison between each simulation showed that adult mortality consistently had the greatest effect in both VORTEX and RAMAS GIS simulations (K-S tests D>0.693, all P<0.001). This result is consistent with the elasticity analysis of the baseline simulation, which confirmed that adults represented the age class contributing most to the eigenvalue of the model (see Supplementary Materials Table S2 ).
Changes in fecundity (i.e., 10% decrease) had a small effect on population growth estimates but a significant effect on the probabilities of extinction estimated by both programs (K-S tests D>0.059, all P<0.001). On the other hand, decreases of 10% in the carrying capacity and the initial abundance had no significant effects on the populations decline in VORTEX and RAMAS GIS using both sexes. However, it showed a significant increase in the probability of extinction when simulations were run with RAMAS GIS using only females (K-S test D=0.036, P=0.003) (see Table 2 ).
Finally, increasing levels of environmental variation affecting carrying capacity, fecundity, and mortality rates by 10-20% did not produce results significantly different from the baseline simulations in VORTEX ( Table 2) . Changes in environmental variation in mortality rates, however, had a much higher impact on the likelihood of extinction (which increased from 0.005 in the baseline simulation to 0.127) than changes in environmental variation associated with fecundity. Estimates based on RAMAS GIS simulations appeared more sensitive to changes in environmental variation associated with fecundity ( Table 2) .
Anthropogenic Simulations
As expected, results from simulations with different percentages of habitat loss (modeled as decreases in carrying capacity) and harvesting increased probabilities of extinction ( Table 3) . Simulations with 0.5-1% of habitat loss had no apparent effect on the populations (Table 3 and Fig. 3) . However, reducing the habitat by 1% each year decreased by 15% the final population size, though this difference was not statistically significant from the baseline simulation. A 2% loss of habitat each year had a significant impact on the population decline, reducing the population size by 20% during the first 30 years and by 57% after 40 years. As expected, a 5% habitat loss had an even greater effect on population extinction, decreasing by 90% the number of individuals during the first 20 years of the simulation (Fig. 3) . Changes in habitat loss had a more drastic effect on the Northwest population compared to the South population.
Harvesting different percentages of individuals during the first 10 years over a 50-year period resulted in no changes on the population growth rates, but it did increase the probabilities of extinction. Simulation comparison with the K-S test showed that starting at 3% of harvesting, probabilities of extinction became significantly different from that of the baseline population. Harvesting of the Northwest population had a greater impact on population declines and extinction probabilities compared to the South population (Fig. 4 and Supplementary Materials Table S1 ).
To evaluate the relative impact of demographic and anthropogenic factors on population declines and extinction, we performed K-S tests between simulations that had significant effects compared to the baseline. These included simulations with 10% increases in chicks and adult mortality, 10% decreases in fecundity, a 2% rate of habitat loss, and 3% harvesting ( Table 2 and Fig. 5) . Results showed that increasing adult mortality by 10% had the greatest effect on the population decline compared with the other simulations. This was consistent with the lowest growth rate () and the highest probability of extinction observed in this simulation ( Table  2 ). The rest of the simulations were not statistically different between each other, though 2% of habitat loss had the second greatest impact on the risk of decline in the species (Fig.  5) .
Comparisons of VORTEX and RAMAS GIS Outcomes
Outcome comparisons of PVA programs revealed consistently higher estimates of population growth rates for simulations ran with RAMAS GIS using a sex structure that included males and females ( Table 2) . However, when RAMAS GIS simulations were run using only females, estimates of population growth rates were similar to those calculated by VORTEX.
In contrast to the growth rate, probabilities of extinction estimated with VORTEX were more similar to those estimated with RAMAS GIS using all individuals. Overall, the set of simulations from RAMAS GIS using only females predicted higher probabilities of extinction than simulations from VORTEX and RAMAS GIS using both sexes.
VORTEX as well as RAMAS GIS report median times to extinction for each simulation as long as at least 50% of the iterations of each simulation go extinct. In this study, none of the populations went extinct in most simulations except when adult mortality was increased by an absolute value of 10% (i.e., an increase in mortality from 5 to 15%). Under this condition, simulations with VORTEX and RAMAS GIS using only females revealed consistent results, decreasing the Fig. (4) . Harvesting simulations. Lines of different colors represent the mean final abundance of the populations in simulations ran with different percentages of harvesting. The black line represents the division between the 50 and 100-year period, showing that a 3% harvesting had a significant effect compared to the baseline when simulations were run over a 50-year period, but became not significant when the simulations were run over a 100-year period.
Fig. (5).
PVA simulations with the greatest effects on the metapopulation risk of decline. Lines of different colors represent the mean final abundance of the metapopulation for different simulations including the baseline simulation, a simulation with a 10% increase in chick mortality, a simulation with an increase of an absolute value of 10% in chick mortality, a simulation with a 10% decrease in fecundity, and simulations with 2% habitat loss and 3% harvesting.
median time to extinction to 38 and 28 years, respectively ( Table 2) .
DISCUSSION
PVA Simulations
The Blue-throated Macaw is a critically endangered species endemic to Bolivia with abundance estimates that range from 185 adult individuals in the wild [50, 56] up to 500, the latter based on recent surveys of a newly discovered population [40] . As many parrot species from the same family, its main threats include habitat loss and the illegal trade of individuals [36] [37] [38] 43, 44] . However, to date there is no quantitative information about the impact of these activities on population persistence. Results of the PVA baseline simulation suggest that, under current conditions, the species has a relatively low probability of extinction over the next 50 years. Nevertheless, growth rate estimates did not reach the rate of replacement necessary to maintain the populations over a longer period of time, making the species particularly vulnerable to any change or threat. Considering each population separately, the South population revealed a higher probability of extinction than the Northwest population, most likely because the former had a considerably lower number of individuals.
Sensitivity analysis to test changes in different demographic parameters and assumptions revealed that changes in adult mortality had the greatest effect on the probabilities of Time (years)
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Initial Abundance extinction and population growth rates. This result was consistent with the elasticity analysis of the baseline simulation, where changes in survival in the 5-40 years old class were the most influential in the dominant eigenvaule of the model. Saether and Bakke [72] analyzed published data from 49 species of birds to determine how population growth rate (λ) was influenced by variation in different demographic traits such as fecundity and mortality rates. The study showed that interspecific differences in fecundity and adult survival were the two major demographic parameters affecting population growth. The contribution of adult survival was highest among long-lived species that matured late and laid few eggs, which are the demographic characteristics found in the Blue-throated Macaw. This is consistent with other studies on birds and other taxa [73] [74] [75] [76] [77] , which suggest that protection of adult breeding individuals is crucial for species' longterm persistence.
Simulated changes in environmental variation did not show significant differences in the estimated parameters compared with the baseline, though they seemed to consistently increase probabilities of extinction due to changes in mortality rates rather than changes in fecundity. This result was also obtained by Galimberti et al. [78] in a study on the viability of southern elephant seal populations (Mirounga leonina). In this species, the PVA revealed that environmental variation, especially in adult mortality, had a much greater impact on species extinction than did variability in fecundity [78] .
As with many other species, habitat loss and poaching were also important limiting factors for the Blue-throated Macaw. A 2% loss of habitat per year reduced population abundance by half in the first 40 years of the simulation. As expected, a 5% habitat loss had an even greater effect, reducing the population size by 90% during the first 20 years of the simulation. The effects of poaching were tested through different harvesting quotas set during a consecutive 10 yearperiod and indicated that a 3% rate of harvesting had a significant effect on the populations. Results from the anthropogenic PVA simulations showed that habitat loss and poaching represent important threats for the long-term persistence of the Blue-throated Macaw, particularly given the documented rates of deforestation in the Beni savannas and the constant pressure of illegal trade of wildlife species.
Comparisons of VORTEX and RAMAS GIS Outcomes
Several studies of PVA comparisons have been published in the last several years, not only across different taxa, but also across multiple PVA software packages [15, 18, 20, 33, 79, 80] . Although many studies showed differences in their PVA outcomes, the use of standardized inputs and simplified models resulted in similar parameter estimates, independently of the PVA program used. For example, Brook et al. [80] compared five PVA packages with different species and found that individual-based packages predicted a consistently higher risk of extinction than their matrix-based counterparts. This result was consistent with a study on the Lord Howe Island Woodhen (Tricholimnas sylvestris), which suggested that individual-based programs considered the effect of demographic stochasticity on sex ratio, while matrix-based programs either ignored differences between the sexes or, alternatively, modeled only females [18] . This could be a problem when modeling monogamous species like the Blue-throated Macaw, where the number of breeding females depends critically on the number of available mates. For example, in this species, a stochastic shortage of males could generate a corresponding reduction in the number of females able to breed. Potential differences between outcomes of individual-based and matrix-based programs could be eliminated by considering only the limiting sex in the matrix-based programs [18] . Results from PVA simulations of the Blue-throated Macaw were consistent with those obtained by Brook et al. [18, 79] . The predictions from the individual-based program VORTEX not only estimated higher probabilities of extinction than the cohort-based RAMAS GIS, but also revealed lower population growth rates. When the simulations were run in RAMAS GIS considering only females, the population growth rates were similar with those obtained using VORTEX, but contrary to other studies, the probabilities of extinction were even higher than those obtained with VORTEX and RAMAS GIS including all individuals. This was probably due to the fact that the set of simulations ran with RAMAS GIS using a sex structure of only females started with 50% the initial abundance of the VORTEX simulations.
The primary aim of this study was to evaluate the risk of extinction of the Blue-throated Macaw under current demographic and environmental conditions as well as under a series of alternative scenarios (e.g., habitat loss and poaching) that the species could face in the near future. It is important to emphasize that, although PVA does not give absolute answers regarding population growth and extinction probabilities [14, 81] , our estimates provided insights into the relative role of demographic and anthropogenic factors on population persistence. Even though our baseline simulation revealed a low probability of extinction over the next 50 years, the small population size as well as low population growth rates makes this species highly vulnerable to any threat. Moreover, all simulations resulted in consistent decreases in the abundance of the species, further increasing the detrimental effects of stochastic processes operating in small populations. Our simulations clearly demonstrated that increases in adult mortality had the greatest effect on population decline. Furthermore, anthropogenic impacts such as habitat destruction and harvesting also had significant effects on the probabilities of extinction. Even small increases in habitat loss (2%) or populations harvesting (3%) had drastic effects on extinction risk over a short period of time.
Comparison of the PVA outcomes using VORTEX and RAMAS GIS showed concordant results regarding the relative effect of each simulation on the probability of extinction and population growth. Although VORTEX estimated higher probabilities of extinction, in most cases the predictions were not significantly different from those estimated with RAMAS GIS. In contrast, projected population growth rates were consistently different between both programs. VOR-TEX provided more conservative results, with lower population growth rates than RAMAS GIS. On the other hand, RAMAS GIS simulations ran using a sex structure including only females resulted in similar population growth rate estimates compared to those obtained with VORTEX. However, when RAMAS GIS was run using only females, the prob-abilities of extinction were significantly higher than those estimated with VORTEX or RAMAS GIS using all individuals (i.e., males and females).
Implications for Conservation
The discovery of the Blue-throated Macaw in the wild during the early1990's highlights the necessity for developing conservation strategies aimed at protecting the biodiversity of the Beni savannas in northeastern Bolivia. Results from our baseline simulations showed that the Blue-throated Macaw has a relatively low probability of extinction over the next 50 years. This result is not unexpected, given that the Blue-throated Macaw is a long-lived species and that simulations were run for a relatively short period of time. It is worth noting, however, that after the 50-100 years period considered for the simulations, population sizes decreased considerably to approximately half of the initial abundance. Although the recent discovery of a new population may improve growth rates and decrease extinction probabilities over the short-term, it seems clear that multiple anthropogenic factors threaten the species' survival over the longterm.
Our results suggest it is fundamental to protect adults, given that even a small increase in mortality rate in this agegroup could have a significant impact on the risk of extinction. Simulations also showed that habitat loss can be an important limiting factor leading to the species' extinction. The Blue-throated Macaw habitat consists of savannas with small isolated patches of forest associated with palm trees, which the species uses as nesting sites. It is therefore essential to target these regions as areas of conservation concern, since they represent breeding and nesting grounds for the species [37, 38] . In addition, PVA simulations showed that poaching may have an important impact on the species. Thus, enforcing laws against poaching and the illegal trade of individuals would have direct beneficial effects for the conservation and potential recovery of the species [43, 61] . In summary, this study provides an initial step in assessing and quantifying potential threats affecting Blue-throated Macaw populations in the wild, particularly in terms of the potential effects of demographic, environmental, and anthropogenic factors on the long-term persistence of this species.
